Climate change, air pollution, and the rapidly aging population are important public health challenges. An understanding of air pollution impacts is imperative for preventing air-pollution-related deaths and illnesses, particularly in vulnerable subgroups such as the increasing population of older adults. To assess the effects of short-term air-pollution exposure on the elderly, we conducted a time-series analysis (1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015) of the associations between particulate matter with an aerodynamic diameter of <10 µm (PM 10 ) and deaths among elderly residents of Seoul, South Korea, which has a rapidly aging population. We also investigated the synergistic effects of temperature and the lag structures of the effects by sex, cause of death, and season. A 10 µg/m 3 rise in the 4-day moving average concentration of PM 10 was associated with 0.31% (95% confidence interval (CI): 0.18% to 0.44%), 0.32% (95% CI: 0.09% to 0.55%), and 0.22% (95% CI: -0.23% to 0.66%) increases in non-accidental, cardiovascular, and respiratory mortalities, respectively. We found a significant and strong synergistic effect of PM 10 concentration and ambient temperature on mortality in elderly people. PM 10 posed an increased risk of non-accidental or cardiovascular mortality with increasing temperature, whereas the associated risk of respiratory death was highest on very cold days. The shape and length of the lag structure varied with the cause of death, sex, and season. Results indicate that elderly people exposed to PM 10 are at increased risk of premature death. In the near future, these risks are likely to increase in step with the temperature rise associated with climate change and the continued population aging. Stronger emission controls will be needed to minimize the increased health risks associated with air pollution, especially in regions with high populations of elderly individuals.
Introduction
Air quality and its impact on health are major environmental health issues [1] . In particular, the high concentration of particulate matter (PM) is a rising socioenvironmental issue in South Korea owing to its large impacts on the health and lifestyle of residents [2] . It has been suggested that short-term exposure to PM affects vulnerable subpopulations, such as the elderly, who are at elevated risk of dying owing to their poor health [3, 4] . Because aging is associated with declines in adaptive and innate immunity, as well as with comorbidities, exposure to PM may be fatal in elderly individuals [5, 6] . In the last four decades, South Korea has shown the most extreme demographic shift among advanced economies, with its population aging at the fastest pace [7] . Most previous air-pollution-related health impact studies in South Korea have reported on risks to the whole population, or in elderly people compared with the rest of the population, instead of focusing solely on the elderly population [8] . Furthermore, to our knowledge, the synergistic effect of air pollution and ambient temperature on mortality in the South Korean elderly population has not been fully evaluated. Recent studies in different populations have suggested that air pollution and temperature may act jointly-the effects of pollutants may be modified because of residual confounding by temperature [9] [10] [11] [12] . Given the rapid expansion of the older population, the interactive effect of PM and temperature among elderly individuals is of public health concern. The increasing temperatures associated with climate change have the potential to adversely and disproportionately affect older people. A further issue is the length of the lag period (delay). The time between initial exposure to a pollutant and various health outcomes depends on how the pollutant interacts with a target organ, and this interaction can lead to a specific disease [13] .
Here, we investigated the association between increases in ambient PM concentrations and the subsequent risk of mortality among elderly residents of Seoul, South Korea, by using flexible modeling strategies with adjustment for an array of potential confounders. We also assessed the joint effects of temperature, and the lag structures of the effects by cause of death, sex, and season.
Materials and Methods

Study Location
The study was conducted in Seoul (37.34 • N, 126.59 • E), which is the capital of one of the fastest-aging developed countries, South Korea ( Figure 1 ). The population density of Seoul is high (16,364 persons/km 2 ), with approximately 10 million people living in a land area of 605.25 km 2 . This is only 0.6% of the total area of South Korea, but is home to one-fifth of the country's residents [14] . The aging rate (the proportion of a society's population that is composed of people older than 64 years) of Seoul was 15% (as of September 2019) [15] . There is increasing concern about PM problems in Seoul. The annual mean concentration of PM with an aerodynamic diameter of <10 µm (PM 10 ) in Seoul (44 µg/m 3 in 2017) is far higher than the air quality guidelines of the World Health Organization (20 µg/m 3 ) [16] . Given the high population density, high aging rate, and PM issue, Seoul is a suitable city for assessing the health impacts of urban air pollution in the elderly. 
Data
The analysis included deaths that had occurred among elderly residents (≥65 years) in Seoul between 1 January 1995 and 31 December 2014. Daily numbers of deaths from the mortality data provided by Statistics Korea were classified according to the International Classification of Diseases, 10th Revision (ICD-10) as non-accidental causes (ICD-10: A00-R99), cardiovascular causes (ICD-10: I00-I52), and respiratory causes (ICD-10: J00-J98). Meteorological data on 24-h mean temperatures ( • C), relative humidity (%), and atmospheric pressure (hPa) were obtained from the Korean Meteorological Administration (KMA). The 24-h average concentration of PM 10, provided by the Ministry of the Environment, Republic of Korea (KMOE), was used as the daily exposure index. Hourly mean concentrations across the monitoring stations were calculated by averaging monitor-specific concentrations. The daily representative concentrations of PM 10 were then calculated by averaging the 24-h values. The number of monitoring stations scattered throughout Seoul increased from 20 in 1995 to 25 in 2014; this is discussed further in the limitations section.
Statistical Analyses
We conducted a time-series analysis by using a generalized additive model to explore the impacts of PM 10 on premature death in elderly individuals. A Poisson distribution with overdispersion was assumed. Possible confounding factors that might have influenced the relationship between PM 10 and death counts, such as long-term trend fluctuations, seasonality, relative humidity, day-of-the-week effect, and temperature, were controlled for. Potential nonlinear effects of confounding factors were modeled using smoothing functions with a cubic spline basis, defined by a set of knots spread evenly through the covariate values, with the conventional integrated-square second-derivative penalty [17] .
where Y t refers to the mortality count on day t, µ t is the expected mortality count on day t, i is the lag; and DOW is a categorical variable for the day of the week on day t. s(.) denotes the smoothing function realized by using cubic spline bases, with three degrees of freedom (df) for temperature, four df for relative humidity and air pressure, and seven df per year for time to adjust for seasonal and long-term trends, as based on a previous environmental epidemiologic study conducted in South Korea [18] . To investigate the interactive effect of PM 10 and temperature on mortality, we stratified the effect of PM 10 on each health outcome by the percentile of the mean temperature (<1st, 1st to <5th, 5th to <25th, 25th to <75th, 75th to <95th, 95th to <99th, and ≥99th percentiles). This approach provided a numerical comparison of the effects of PM 10 on mortality in the different temperature strata, while allowing for heterogeneity of the effects of PM 10 across the strata [11] . Furthermore, we examined the effects of PM 10 under different lag structures, because a delayed health effect is known to exist in the association between PM 10 and mortality [13] . Specifically, we explored the lag structures of PM 10 in elderly people during the warm months (April to September) and the cold months (October to March) by cause of death and sex. The lags of PM 10 included lag 0, the present (single) day, and multiday lags [MA0-1 (the 2-day moving average of the present day and the previous day) up to MA14 (the 15-day moving average of the present and previous 14 days)], because single-day lag models underestimate the cumulative health effects of air pollution [19] . All lags were reported and, based on previous studies [20] [21] [22] , the lag showing the strongest effect estimates (MA03) was selected from among the lag structures to present the main results. We calculated the relative risk of mortality for a 10-µg/m 3 increase in PM 10 concentration, and all results are presented as percent increase in mortality, with the corresponding 95% confidence interval (CI). All analyses were performed with the statistical software R version 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). Table 1 summarizes the daily mortality data of the elderly population in Seoul during the study period by cause of death, sex, and season. The study included a total of 457,963 non-accidental deaths (average, 62.69 deaths/day), with 29% from cardiovascular disease and 8% from respiratory disease.
Results
The rate in females was 33.94 deaths/day and in males 28.75 deaths/day. The average number of deaths per day was greater during the cold months (mean = 66.04, SD = 12.20) than in the warm months (mean = 59.36, SD = 11.60). A time-series plot of PM 10 concentrations in Seoul during the study period ( Figure 2 ) revealed a significant decrease. Overall, the average mass concentration of PM 10 in the study period was 60.35 µg/m 3 . This value was relatively high during spring (73.56 µg/m 3 ) and winter (66.38 µg/m 3 ) and relatively low during summer (48.93 µg/m 3 ) and autumn (52.58 µg/m 3 ). When the data were sorted into warm and cold months, the average PM 10 concentration was higher in the cold months (65.25 µg/m 3 ) than in the warm months (55.48 µg/m 3 ). We plotted the overall percentage increases (mean and CI) in cause-specific mortality associated with a 10 µg/m 3 increase in PM 10 at MA03 (the moving average for the current day and the previous 3 days) among the elderly in Seoul during the study period ( Figure 3 ). We observed positive associations between mortality and PM 10 at MA03. The associations were significant for non-accidental death (0.31% increase; 95% CI: 0.18% to 0.44%) and cardiovascular disease mortality (0.32%; 95% CI: 0.09% to 0.55%), but not for respiratory disease mortality (0.22%; 95% CI: -0.23% to 0.66%). In all three disease categories the risks of death were greater, but not statistically significant, in males compared to females (P > 0.05). We plotted the risks associated with a 10 µg/m 3 increment in PM 10 in terms of non-accidental death and mortalities from cardiovascular and respiratory disease, stratified by temperature (<1st, 1st to <5th, 5th to <25th, 25th to <75th, 75th to <95th, 95th to <99th, and ≥99th percentiles) ( Figure 4 ). Associated with this PM 10 increment was an increasing trend in the risk of non-accidental death and cardiovascular disease mortality as the temperature increased. In these stratification models, an increase of 10 µg/m 3 in PM 10 was significantly associated with a 3.02% (95% CI: 2.29% to 3.75%) increase in non-accidental death and a 3.05% (95% CI: 1.76% to 4.36%) increase in cardiovascular mortality on very hot days (≥99th percentile). On the other hand, the risk of death from respiratory disease was the highest, and significant (2.02%; 95% CI: 0.22% to 3.86%), on very cold days (<1st percentile).
We then plotted a number of lag structures ( Figure 5 ). Overall, lags in respiratory disease mortality persisted longer than those in cardiovascular disease mortality. Lags in non-accidental death and cardiovascular disease mortality were longer during the cold months than during the warm months. In females, there were longer lags than in males in all three categories of mortality during the warm months. On the other hand, in males there were longer lags than in females during the cold months. and (c) respiratory disease (RD) mortality in elderly Seoul residents, with a 95% confidence interval, for a 10 µg/m 3 increment in PM 10 , by daily mean temperature percentile (<1st, 1st to <5th, 5th to <25th, 25th to <75th, 75th to <95th, 95th to <99th, and ≥99th percentiles) at MA03 (the moving average for the current day and the previous 3 days). 
Discussion
We found here that PM 10 was positively associated with increases in non-accidental, cardiovascular, and respiratory disease mortalities in elderly residents of Seoul, South Korea, with differences in the magnitude and significance of the risk. Our estimates are slightly higher than those reported in China (0.26%; 95% CI: 0.15% to 0.38%) for total mortality in the elderly [23] , but they are lower than the risks estimated in the tropics by using distributed lag models (lags 0 to 5) for non-accidental (0.77%; 95% CI: 0.27% to 1.23%) and cardiovascular (1.24%; 95% CI: 0.44% to 2.04%) mortalities in elderly individuals [24] .
Recent studies have addressed the issue of synergy between temperature and pollution, and the resulting effects on health [9] [10] [11] [12] . Therefore, we further estimated these synergistic effects and observed significant synergism in the effects of temperature and PM 10 concentration on mortality in elderly people. For non-accidental and cardiovascular causes of death, the risk increased significantly on days with increased ambient temperature. A similar finding was observed by Tian et al. [12] in their study in Beijing, China. However, in pooled estimates from seven cities in South Korea between 2000 and 2009, the effects of PM 10 on non-accidental and cardiovascular mortalities in the elderly were highest in the temperature range of the 95th to 99th percentile, not the 99th to 100th percentile as we found here [11] . The likely differences among locations in demographic, economic, and other characteristics of air pollution levels and temperature contribute to differences in the interactive effects between PM 10 and temperature. Although many other investigations of the interaction between air pollution and temperature have focused on hot weather rather than cold weather [9] , we found that respiratory mortality risk in the elderly was highest on very cold days (<1st percentile). In winter, Seoul usually has poor air quality owing to a combination of local climatic conditions and domestic and transboundary anthropogenic emissions [25] . Although we found here that non-accidental and cardiovascular mortality risks increased during the warm months, attention to the effects of pollution is needed not only during this time of year, when the known risk is higher, but also during the cold months, when the concentration of PM 10 is higher than in warm months.
Lag structures in the relationship between PM concentration and health outcomes have been previously assessed [13, 22, 26] . In our assessment of the lag effects of PM 10 on cause-specific mortality, we found that the short-term effects of a rise in PM 10 concentration on mortality persisted for longer periods in the case of respiratory mortality than in the case of cardiovascular mortality. In particular, during the warm months, the effects of an increase in PM 10 concentration on daily deaths persisted over two weeks for respiratory disease, whereas the effects persisted for only one week for cardiovascular mortality. Similar findings have been observed in studies of 10 European cities [26] and 20 US cities [22] . This can be explained partly by biological mechanisms related to the cardiovascular and respiratory effects of exposure to PM. Cardiovascular events can be triggered immediately in response to autonomic stimulation of the cardiovascular system, whereas the exacerbation of respiratory disease takes longer because of the time taken for airway damage and inflammation to develop [27] [28] [29] . A clear seasonal modification of the effects of PM 10 was also evident. As Zeka et al. [22] also observed, we found a greater effect of an increase in PM 10 concentration on mortality in the warm months than in the cold months. Furthermore, in the case of non-accidental and cardiovascular deaths, the lag was shorter (i.e., the effect was more immediate) during the warm months than in the cold months. We also observed different lag patterns of mortality risk in relation to sex. The lag effect was longer in females than in males during the warm months, whereas the opposite applied during the cold months. This could be a phenomenon due to differential exposure (e.g., work-related co-exposures) as well as biological differences by sex (e.g., hormonal status) [30] . Our findings add to the previous literature, because they confirm that lag structures vary depending on cause of death, sex, and season. These different patterns of lag effects for different disease outcomes, sex, and season may provide insight into the different biological mechanisms of PM [13] .
An aging society is defined by the United Nations as a society in which the share of the population aged 65 and over exceeds 7% of the total population; an aged society is one where this share exceeds 14% of the total population. It took only 17 years for South Korea to transition from an aging society (7.2% in 2000) to an aged society (14.3% in 2018, whereas it took 115 years in the case of France [31] . Furthermore, by 2025 South Korea is expected to become a super-aged society, at 20.1% [32] . Given this upcoming demographic reality in South Korea, an effective prevention strategy is needed to keep the elderly population healthy in the face of outdoor air pollution. Although effective policies to reduce emissions are obviously desirable, individual actions might also be effective in reducing exposure and health risks [33] . Personal exposure to ambient air pollution could be reduced by wearing a mask on high-air-pollution days. However, in the case of elderly people with cardiovascular or respiratory diseases this might disrupt the inhalation of sufficient oxygen. Therefore, it is important to develop and promote scientific-evidence-based specific behavioral guidelines for the elderly that can be applied in real life.
Finally, some limitations of the study need to be mentioned. First, we used PM 10 data collected across 20 years from 1995 to 2014. However, the concentrations in the early years might have been less precise than those in the later years-the precision of the data might have been improved because the number of individual sampling stations increased over time [34] . Second, we used PM 10 data because they covered more years than the available PM 2.5 (particulate matter ≤2.5 µm in aerodynamic diameter) data. Official statistics on PM 2.5 concentration in South Korea have been released by the KMOE only since 2015, but recent studies indicate that the adverse effects of PM 2.5 are greater than those of PM 10 [35] . PM 2.5 exposure has recently been found to increase the risks of not only cardiovascular and respiratory disease, but also of neurological diseases such as Parkinson's disease [36] . This highlights the need for future studies to include effects other than those classically studied with finer particles. Future research efforts could also include investigating the health impact of other air pollutants such as ozone, nitrogen dioxide, and sulfur dioxide. Lastly, we were not able to consider comorbidity, although pre-existing diseases may influence susceptibility. Further investigations should focus on susceptible groups and need to follow up cohorts in order to investigate the effects of air pollution on disease progression.
Conclusions
In an analysis of data from 1995 to 2014 on elderly residents of Seoul, South Korea, we confirmed the positive association between an increase in PM 10 concentration and increased daily mortality. The synergism of PM 10 concentration with temperature showed different patterns with different causes of death, and the shape. Our findings have clear implications for planning public health interventions and controlling emissions in the near future as temperatures increase with climate change and populations continue to age.
